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Abstract

Maximum latewood density (MXD) is a strong proxy of summer temperatures. Despite this, there is a paucity of long MXD chronologies in the Northern
Hemisphere, which limits large-scale tree-ring-based reconstructions of past temperature which are dominated by ring-width (RW) data — a weaker
temperature proxy at inter-annual time-scales. This paucity likely results from the relative expense of measuring MXD and the lack of laboratories with
the facilities to measure it. Herein, we test the ability of a relatively new, less expensive, tree-ring parameter, Blue Intensity (Bl), to act as a surrogate
parameter for MXD. Bl was measured on Engelmann spruce samples from British Columbia where MXD had previously been measured to allow direct
comparison between the two parameters. Signal strength analyses indicate that 8 MXD series were needed to acquire a robust mean chronology while Bl
needed |4. Utilising different detrending methods and parameter choices (RW +MXD vs RW + Bl), a suite of reconstruction variants was developed. The
explained variance from the regression modelling (1901-1995) of May—August maximum temperatures ranged from 52% to 55%. Validation tests over
the earlier 1870-1900 period could not statistically distinguish between the different variants, although spectral analysis identified more lower frequency
information extant in the MXD-based reconstructions — although this result was sensitive to the detrending method used. Ultimately, despite the MXD-
based reconstruction explaining slightly more of the climatic variance, statistically robust reconstructions of past summer temperatures were also derived
using Bl. These results suggest that there is great potential in utilising Bl for dendroclimatology in place of MXD data. However, more experimentation is
needed to understand (I) how well Bl can capture centennial and lower frequency information and (2) what biases may result from wood discolouration,

either from species showing a distinct heartwood/sapwood boundary or from partly decayed sub-fossil samples.
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Introduction

Multiple tree-ring studies from the last few decades have clearly
shown that maximum latewood density (MXD) chronologies,
developed from conifer trees from high elevation/latitude envi-
ronments, express a superior summer temperature signal than
their ring-width (RW) counterparts (Biintgen et al., 2006; Esper
et al., 2010, 2012; Grudd, 2008; Hughes et al., 1984; Luckman
and Wilson, 2005; Schweingruber and Briffa, 1996; Wilson and
Luckman, 2003). Although calibrated MXD chronologies have
been shown to significantly diverge below summer temperatures
for multiple sites around the Northern Hemisphere (Briffa et al.,
2001), more recent studies, using updated data-sets and alterna-
tive detrending methods, have shown that MXD appears to track
summer temperatures well (Anchukaitis et al., 2013; Esper et al.,
2010; Wilson et al., 2007a) even in regions where RW expresses
serious so-called ‘divergence’ (D’Arrigo et al., 2008). However,
these observations need to be tested further at other sites. Despite
the strength of MXD as a proxy of past summer temperatures, few
millennial length MXD records exist (Biintgen et al., 2006; Esper
etal., 2012; Grudd, 2008; Luckman and Wilson, 2005), and there-
fore, tree-ring-based large-scale composites of Northern Hemi-
spheric temperatures are derived mostly from RW data (D’ Arrigo
et al., 2006; Frank et al., 2007).

The paucity of millennial length MXD chronologies contrasts
with the many long temperature sensitive RW chronologies that are
available (Biondi et al., 1999; Cook et al., 2013; D’Arrigo et al.,
2001; Esper et al., 2003; Hughes et al., 1999; Salzer and Kipfmuel-
ler, 2005; Wilson et al., 2007b). Ultimately, this situation simply
comes down to cost and the fact that few institutions have the facili-
ties to measure density parameters. This is an unusual situation,
given the importance placed upon tree-ring data for understanding
late Holocene temperature variability (Jones et al., 2009).

The situation recently came to a head when Mann et al. (2012)
hypothesised that there was a high probability that tree-ring chro-
nologies underestimated volcanically forced cooler temperatures
because of the fact that for some severe volcanic events (e.g.
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Figure |. Location of study region.The 21| tree-ring sites used in Wilson and Luckman (2003) are shown. Herein, we utilise only the 7 sites
where ring-width (RW), maximum latewood density (MXD) and blue intensity (Bl) were measured.The box denotes the CRUTS3.1 gridded
data-set (Harris et al. (2014) — 122—117°W/49-51°N) used for growth-climate analyses and calibration/verification.

1258, 1453 and 1815), trees failed to put on growth rings over
large regions. Anchukaitis et al. (2012) rebutted this hypothesis
by highlighting the simple fact that the D’Arrigo et al. (2006)
Northern Hemispheric reconstruction (used in Mann et al., 2012)
utilised almost entirely RW data which poorly track inter-annual
variability, and their RW-based reconstruction was therefore a
poor proxy composite series to study volcanic forcing (see also
D’Arrigo et al., 2013; Esper et al., 2013a, 2013b). This paper is
not the place to re-iterate the arguments of Mann et al. (2012) and
Anchukaitis et al. (2012). However, this contentious issue did
highlight that for robust attribution of climate forcing of the last
1000 years — especially with respect to the influence of volcanic
events — more MXD chronologies need to be developed, espe-
cially prior to 1500. As MXD data appear problematic for most
laboratories to generate, this paper emphasises the potential of a
relatively new tree-ring parameter — Blue Intensity (BI) — which
could be used as an alternative to MXD to overcome this issue.

Assuming that most tree-ring laboratories initially create RW
chronologies, but ultimately struggle to acquire funds to measure
MXD, a less expensive alternative to MXD would be desirable.
MXD is a measure of latewood density, which reflects lignin
content in the latewood (Gindl et al., 2000). Lignin is controlled
by summer temperatures — that is, a warm summer leads to
increased lignin content which results in a denser/darker late-
wood. Early studies suggested that reflected light from scanned
images of wood could provide a reasonable proxy similar to
wood density (Sheppard et al., 1996; Yanosky and Robinove,
1986). These initial experimentations were further refined by
McCarroll et al. (2002) who showed that lignin absorbed more
light in the visible blue domain of the light spectrum and that
latewood minimum blue reflectance (hereafter referred to as BI)
could provide a substantially cheaper proxy portraying similar
information to MXD. Campbell et al. (2007, 2011), Babst et al.
(2009), Wilson et al. (2011), Bjorklund et al. (2014) and Rydval
et al. (2014) have continued experimentation with BI highlight-
ing the significant potential of this parameter as an alternative
measure of the cost-intensive lignin measurements based on
radiodensitometric techniques. However, despite all of this
promising experimental work, no specific Bl-based temperature
reconstruction has been published to date.

Herein, we use tree samples from British Columbia (BC),
Canada, from which Wilson and Luckman (2003) developed
RW and MXD data to derive a summer maximum temperature
reconstruction for the region back to 1600. The original network
consisted of 21 Engelmann spruce RW chronologies plus 7
MXD chronologies developed for the longest records. Using the
same samples that were used to derive MXD in the original
study, we have measured BI using CooRecorder (Larsson, 2013;
see also detailed methods in Rydval et al. (2014)) to derive, for
the first time, BI measurements that can be directly compared to
traditionally radiodensitometric derived MXD data for a net-
work of sites. The replication of the Wilson and Luckman (2003)
study using Bl is a particularly good test for this new parameter
as (1) Engelmann spruce shows no visible colour change
between heartwood and sapwood which can potentially bias any
reflectance based measures (Bjorklund et al., 2014; Rydval
et al., in preparation; Sheppard and Wiedenhoeft, 2007) and (2)
the original reconstruction was strongly calibrated (,72=53%)
and later verified using an independent reconstruction from a
neighbouring region (Luckman and Wilson, 2005). This study
therefore provides an optimal scenario for testing Bl as an alter-
native, cheaper, proxy archive to MXD for reconstructing past
summer temperatures.

Data and methods
Chronology development

We focus on the seven sites from Wilson and Luckman (2003)
from which MXD was measured (Figure 1). Data from the other
14 sites were not used. In the original study, density was mea-
sured using radiodensitometric techniques (Schweingruber et al.,
1978) from 0.3-mm-thick microtomed sections along each core.
In this study, the BI data were measured on the remaining core
from which the microtomes were originally taken. As spruce
does not express an obvious visible colour difference between
the heartwood and sapwood, no pre-treatment (i.e. resin extrac-
tion) of the samples was made and the mounted cores were sim-
ply sanded up to 1200 grit grade. Residual wood dust was
removed using compressed air. We followed the procedures
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detailed in Rydval et al. (in preparation) to generate the BI data.
The scanner was calibrated using the SilverFast Auto IT8 Cali-
bration procedure to the IT8 Calibration Target (IT8.7/2) printed
on Kodak Professional Endura paper. All samples were scanned
to 2400 DPI with the scanner covered by a box to minimise bias
from external ambient light. The digital image of each sample
was then imported into CooRecorder and the ring-boundaries
marked and visually crossdated. BI data were then generated
using frame dimensions (160-5-50-15) derived from experimen-
tation with Scots pine (Rydval et al., 2014). As BI is inversely
correlated with MXD (i.e. a dense dark latewood will express
low reflectance), and to ensure consistency for the proxy com-
parison, the raw Bl data were inverted to allow the same detrend-
ing procedures to be used for both data types. To do this, all BI
values were multiplied by —1 and a constant of 2.56 (related to
the standard light intensity scale of 0 to 255) added to ensure all
inverted values were positive. No other transformation of the raw
BI data was performed.

Our main aim is to replicate, as best as possible, the Wilson
and Luckman (2003) study using BI data instead of MXD. There-
fore, detrending was initially performed in the same manner as
the original study. The RW data, from the same seven sites, were
individually detrended via division using negative exponential or
linear (negative or zero slope) functions. The MXD and BI data
were detrended via subtraction of linear (negative or zero slope)
functions only. We are aware that these approaches are perhaps no
longer ‘state of the art’ with respect to detrending. However, it is
important to follow the original methodology as closely as possi-
ble for comparison with the original Wilson and Luckman (2003)
results. For this study, we will call these chronology versions
‘Standard’ (STD). We also experiment, however, with the later
developed ‘Signal-Free’ (SF) detrending approach (Melvin and
Briffa, 2008) which should produce chronologies less biased in
the mid-lower frequencies. We do not experiment with the
Regional Curve Standardisation approach (Briffa and Melvin,
2010) as it is not a suitable approach for detrending data from liv-
ing trees alone. However, it should be emphasised that the poten-
tial removal of lower frequency information is not so significant
in a situation where warming occurs from the ‘Little Ice Age’
(LIA) to present (see Luckman and Wilson, 2005) because we are
essentially only removing age-related negative trends in the raw
tree-ring series. This detrending bias would be much more rele-
vant for the transition from the warm medieval to ‘LIA’. For all
chronologies, the variance was temporally stabilised using tech-
niques outlined in Osborn et al. (1997).

The mean between-series correlation (RBAR) and Expressed
Population Statistic (EPS — Briffa and Jones, 1990) were used to
assess the signal strength of the parameter detrended series as
well as to assess how many series are needed to acquire a robust
mean function that represents the ‘true’ infinitely replicated popu-
lation chronology (see Wilson and Elling, 2004). Principal com-
ponent analysis (using a varimax rotation) was performed over
the period where the EPS was >0.85 (Wigley et al., 1984) for all
the parameter chronologies to assess the between parameter
coherence. A further rotated PCA was performed on the seven
chronologies of each parameter to derive an optimal time-series
of common variance for each parameter. This parameter-specific
PC score was then compared to a parameter-specific mean com-
posite where all the data from the seven sites for each parameter
were pooled together to derive a longer parameter-specific
regional chronology. The EPS is again used to quantify the
decrease in signal strength back in time as replication decreases.
The PC scores are limited in temporal extent because of the EPS
0.85 threshold used. However, as done in Wilson and Luckman
(2003), the pooled regional mean composites allowed the exten-
sion of any potential reconstruction back prior to the common
period used for the PCA.

Correlation response function analysis and
dendroclimatic reconstruction

As in Wilson and Luckman (2003), we used both mean (hereafter
Tmean) and maximum (hereafter Tmax) temperatures from the
CRUTS3.1 gridded data-set (Harris etal. (2014)— 122—-117°W/49—
51°N —Figure 1). Correlations were calculated (hereafter referred
to as correlation response function analysis (CRFA)) between the
parameter-specific regional composites and monthly variables of
temperature from previous April through to current September
over the 1901-1995 period.

The regional mean composite chronologies were used to
derive extended reconstructions back prior to the period covered
by the PCA. Both STD and SF chronology versions were used to
derive different variants of past temperatures, and all chronolo-
gies were lagged at T and T+1, for the multiple regression, to
allow the potential modelling of the previous year’s climate influ-
ence on growth (as done by Wilson and Luckman, 2003). The
target season for reconstruction was chosen based on the CRFA
results and calibration experiments against a number of different
summer seasons. Full period calibration was undertaken over the
1901-1995 period, while split period calibration and verification
were performed on the 1901-1947/1948-1995 periods, respec-
tively. For verification, we utilised the Coefficient of Efficiency
(CE — Cook et al., 1994) and tested the residuals from the full
period calibration for autocorrelation (using the Durbin—Watson
(DW) statistic) and linear trends. A robust regression model
should result in residual values with no autocorrelation and no
linear trends.

As a suite of different reconstructions were developed using
RW/MXD and RW/BI combinations as well as both STD and SF
detrending, an additional test of the reconstructions was employed
to ascertain which of the different versions could be deemed most
robust. We extracted relevant climate data from the Berkeley
Earth Surface Temperature (BEST — Rohde et al., 2013) data-set
for a 1° larger grid (123—-116°W/48-52°N) than used for calibra-
tion with the CRUTS3.1 data. The resultant temperature series
extends back to 1870. The different reconstruction variants,
including the Wilson and Luckman (2003) Interior British Colum-
bia (IBC) reconstruction, were scaled (Esper et al., 2005) to the
BEST data over the 1901-1995 period, and the root mean square
error (RMSE) calculated for the 1870—1900 period. Hypotheti-
cally, assuming no significant homogeneity issues in the instru-
mental data (Peterson et al., 1998), the least biased reconstruction
with respect to its ability to capture mid-to-low frequency vari-
ability should better match the instrumental data outside the
1901-1995 calibration period resulting in a lower RMSE value.
To further assess the performance of the different reconstruction
variants to capture lower frequency variability, coherency spec-
tral analysis was performed over the 1901-1995 (CRUTS3.1) and
1870-1995 (BEST) periods and spectral density functions calcu-
lated over the full period of the reconstructions (1600—1995).

Results and discussion
Chronology properties

Table 1 presents basic chronology and signal strength statistics for
each site and parameter. By calculating the coefficient of varia-
tion (CV) between the individual raw series for each parameter
and site, the RW data expresses greatest relative between-series
variance when assessing all seven sites (mean CV=0.28). This is
not surprising as growth rates between trees and sites can be quite
varied because of tree and site specific ecological differences.
MXD, on the other hand, more strongly controlled by summer
temperatures (Wilson and Luckman, 2003), is known to be much
less influenced by site specific factors which are clearly sup-
ported by the lower mean CV value of 0.19. MXD also expresses

Downloaded from hol.sagepub.com by guest on August 16, 2014


http://hol.sagepub.com/

The Holocene

Table I. Basic summary statistics for each site and parameter.

No. of Ring-width Maximum latewood density Blue Intensity

SEries — (Rw) (MXD) (BI)

(trees)

MEAN STDEV CV RBAR nfor EPS MEAN STDEV CV RBAR nfor EPS MEAN STDEV CV RBAR n for EPS
(0.85) (0.85) (0.85)

Meadow Mt 38 (23) 0.84 0.25 030 029 14 089 0.14 0.16 0.49 6 I.11 0.04 0.04 0.3l 12
Kokanee 30(19) 1.23 0.33 027 024 18 084 0.14 0.16 036 10 1.00  0.04 0.04 029 14
Kootenay 56 (19) 1.26 0.27 021 027 15 1.05 021 0.20 0.41 8 1.07  0.07 0.07 0.3l 13
Park Mt 38 (25) 0.86 0.33 038 033 1l 072 0.17 0.23 0.39 9 1.08  0.07 0.06 027 16
BigWhite 35 (27) 0.9I 0.23 025 022 20 078 0.18 023 036 10 098  0.07 0.07 027 IS
Pavilion 35(23) .17 0.31 0.27 042 8 075 0.13 0.17 0.50 6 1.05 0.04 0.04 032 I2
Cornwall 35(22) 0.95 0.28 029 035 11 087 0.18 0.21 0.45 7 .13 0.05 0.04 030 I3
Hills
MEAN 38(23) 1.03 0.29 028 030 14 084 0.16 0.19 0.42 8 1.06  0.06 0.05 030 14

No. of series: no individual measured series and trees in parentheses; MEAN: mean measurement for each site chronology; STDEV: standard deviation
between mean values of all series in the parameter chronology; CV: coefficient of variation (standardised measure of variation (MEAN/STDEYV)); RBAR:
mean inter-series correlation of all possible bivariate combinations between the detrended series.

RW =mms; MXD = g/cm3; Bl = reflectance intensity X 102. Note that Bl values were not inverted for these calculations; n for Expressed Population Statis-
tic (EPS) (0.85) =the number of series needed to acquire an EPS value of 0.85 — see Wilson and Elling (2004) for method.

a stronger common signal with a mean inter-series correlation
(RBAR) 0f 0.42 as opposed to 0.30 for RW. The range in mean BI
values, however, is more constrained than MXD with an overall
CV of 0.05 which suggests that this parameter is quite insensitive
to between site differences. At this stage, it is not clear whether
this is a positive or negative aspect of this parameter. The mean
RBAR for the BI data is 0.30, the same as RW, which identifies
MXD as the parameter with the strongest common signal — there-
fore requiring fewer trees series (8 vs 14) to derive a robust chro-
nology mean.

A rotated varimax PCA using all 21 parameter chronologies
was undertaken over the 1811-1996 period where EPS was
greater than 0.85 in all chronologies. Figure 2 presents the load-
ings of each parameter chronology on the first two eigenvectors
as well as a bivariate scatter plot of these loadings. PC1 explains
53.8% of the overall variance and is dominated by both the MXD
and BI chronologies which cluster together in the bivariate plot.
However, although these results indicate that the BI data express
a similar signal to MXD, the loadings of the BI chronologies are
on average marginally weaker on PC1 than their MXD counter-
parts. This supports the observation that the common signal in the
BI chronologies is weaker than MXD (Table 1). PC2, explaining
21.6% of the variance, is dominated by the RW chronologies.

PCA (1811-1996) was rerun on the seven chronologies for
each parameter, and regional parameter composite chronologies
were derived by pooling all the data from each site. For each
parameter, one eigenvector was identified as significant with
MXD showing the strongest parameter-specific between chro-
nology common signal (explained variance=_85.1%), followed
by BI (76.1%) and finally RW (67.3%). Figure 3 compares the
parameter-specific PC scores with their regional mean composite
counterparts (normalised to z-scores relative to the 1811-1996
period). For each parameter, the correlation between the PC
score and the regional composite is very strong (r>0.99), indi-
cating that using the regional parameter composite chronologies
would be an appropriate method to derive as long a reconstruc-
tion as possible from these data. However, the signal quality of
these parameter regional composites will decrease back in time
as replication decreases. EPS, calculated for running 30-year
windows, shows that signal strength starts weakening for all
parameters in the 17th century. For MXD, EPS falls below 0.85
around the 1620s, but for BI, which has a weaker common signal
(Table 1), EPS starts dropping below this threshold value around
1700 and plummets to zero in the early 17th century. The RW
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Figure 2. Scatter plot of Principal Component Analysis loadings of
each chronology on the first two eigenvectors. After the chronology
ID, x denotes MXD, b denotes Bl and r denotes RWV.

MXD: maximum latewood density; Bl: Blue Intensity; RW: ring-width.

composite drops below the 0.85 threshold around the 1640s. All
analyses hereafter utilise the longer regional parameter compos-
ite chronologies as they express the same signal as the parameter
PC scores over the well replicated 1811-1996 period and provide
information back to 1600.

Correlations between the parameter composite chronologies
over the 1811-1996 and 16001810 periods (Table 2) show that
MXD and BI are strongly correlated (c.>0.9). Coherence of the
MXD and BI chronologies with RW is weak at best and is only
significant for the 1811-1996 period and marginally higher (0.31
and 0.37) when the series are first differenced. Overall, the PCA
(Figure 2) and between parameter correlations indicate that the BI
data appear to express a very similar signal to MXD, while RW
portrays essentially unique variance.

CRFA and dendroclimatic reconstruction

Wilson and Luckman (2003) noted that optimal calibration using
the BC tree-ring data was against maximum summer tempera-
tures rather than the more traditional mean temperatures used in
most dendroclimatic studies. They hypothesised that this was
logical as most of the tree’s cambial activity, with respect to
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the regional composites.

MXD: maximum latewood density; Bl: Blue Intensity; RW: ring-width; EPS:
Expressed Population Statistic.

Table 2. Between parameter correlations using the STD
detrended regional composite chronologies. Analysis was performed
over the 1600—-1810 and 181 1-1996 periods. Greyed values are for
first differenced transforms.

1811-1996 1600-1810

MXD Bl RW MXD Bl RW
MXD 0.96% 0.16* MXD 0.89%  0.05
BI 0.99%* 0.17¢  BI 0.9 1% 0.08
RW 0.3 0.37%F RW 0.10 0.10

MXD: maximum latewood density; Bl: Blue Intensity; RW: ring-width.
*Correlations significant at the 95% confident limits; **correlations
significant at the 99% confident limits.

photosynthesis, occurs during the day. This hypothesis has not yet
been specifically rejected and has been shown to hold in the
Yukon (Youngblut and Luckman, 2008) and the Pyrenees (Biint-
gen et al., 2008). We return again to this hypothesis to see whether
it holds for the BI parameter as well. Figure 4 presents the CRFA
results between the parameter regional chronologies and monthly/
seasonal variables of mean (Tmean) and maximum (Tmax) tem-
peratures. Despite the weaker common signal noted for the BI
data (Table 1), the response of MXD and BI is very similar with

both parameters showing a broad response to current year tem-
peratures from March to August, but with August showing sub-
stantially stronger (>0.65) correlations. Strongest correlations are
noted for Tmax. MXD correlations with MJJA (August) Tmax are
0.67 (0.72), as opposed to 0.66 (0.70) for BI. The first differenced
correlations for the same season (month) are 0.71 (0.77) for MXD
and 0.72 (0.76) for BI. As shown by Wilson and Luckman (2003),
correlations are weaker for RW but are still stronger for Tmax
than Tmean. RW appears to be controlled by a slightly earlier
seasonal window and correlates most strongly with June—July
Tmax. There is, however, a notable improvement in correlations
when the data are first differenced, from 0.44 (non-transformed
correlation) to 0.68, suggesting that the response of RW data is
stronger at inter-annual time-scales and weaker at mid-longer
time-scales. Despite these observations, we can state that June—
July temperatures are the dominant control of year-to-year RW
variability. All parameters portray inverse correlations with previ-
ous year’s summer temperatures — specifically August for MXD
and BI, and July—August for RW — hence the utilisation of lagged
(T and T+ 1) variables in the regression modelling.

Utilising STD and SF chronology versions for RW, MXD and
BI, a range of experimental trial calibrations (1901-1995) were
made for different summer seasons of Tmean and Tmax (Table 3).
The explained variance (,72) was generally high, ranging from c.
0.3 to 0.6. As well as the ;72 values, the residuals from the regres-
sion modelling were tested for autocorrelation (using the DW)
and linear trends to provide other metrics to ascertain which sea-
sonal target would be optimal for reconstruction. Except for
August, all calibrations with Tmean resulted in model residuals
that either expressed significant autocorrelation or linear trends or
both. For Tmax, best calibration results were obtained for August,
JJA and MJJA. Although the highest 7 values were obtained for
the JJA season, it was felt that MJJA should be utilised for recon-
struction as the residuals from the JJA modelling expressed slight
residual autocorrelation (DW<1.5) when using the BI data and
that the MJJA season would be consistent with the results of Wil-
son and Luckman (2003) who also reconstructed Tmax MJJA
temperatures. The IBC reconstruction of Wilson and Luckman
(2003) explained 53% of the temperature variance. The new
results are comparable with the STD (SF) versions for both the
RW-MXD and RW-BI combinations explaining 54% (55%) and
52% (53%) of the temperature variance, respectively.

Figure 5a presents the split period calibration and verification
results for each of the RW-MXD and RW-BI combinations. In
general, the RW-MXD based reconstructions calibrate slightly
more strongly than the RW-BI versions, while the SF detrended
chronologies are marginally better than STD. However, the dif-
ferences are slight. Verification using the CE is also equally robust
for all variants. The most stable calibration and verification results
over the two periods are with the RW-BIsf variant. Coherency
spectral analysis of the four reconstruction variants with Tmax
MJJA (Figure 5b), however, suggests that the Bl-based recon-
structions struggle to capture temperature variability at time-
scales longer than ~20years. This is an important observation as,
ideally, a tree-ring-based reconstruction should capture variability
at all time-scales. If the BI parameter is somehow systemically
limited with respect to its ability to capture longer time-scale
information, this requires further examination.

Figure 6a presents the four reconstruction variants along
with the IBC (Wilson and Luckman, 2003) and Icefields (ICE
— Luckman and Wilson, 2005) reconstructions. All series are
calibrated to the same Tmax MJJA season. Visually, it is clear
that there is a marked amplitude difference between the differ-
ent reconstruction variants with the RW-BIstd (low) and RW-
MXDsf (high) being the most extreme end members. Table 4
presents the amplitude difference between the reconstructions
for the coldest (1777-1826) and warmest (1922—-1971) 50-year
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Table 3. Calibration (1901-1995) trials for a variety of Tmean (m) and Tmax (x) seasonal parameters.

STD recon: RW and MXD

SF recon: RW and MXD

Ng Variables Dw Linr N Variables Dw Linr
Augm 0.49 MXD,bRW,bMXD  2.03 0.26 Augm 0.50 MXD, bRW 2.15 0.12
JJAm 0.48 MXD, bRW, RW 1.41 0.39 JJAm 0.52 MXD, bRW, RW 1.51 0.31
MJJAm 0.40 MXD, bRW, RW 1.33 0.44 MJJAm 0.43 MXD 1.77 0.26
AMJJAm 0.36 MXD 1.42 0.42 AMJJAm 0.43 MXD 1.61 0.25
MAMJJAm 0.33 MXD, bBRW 1.23 0.39 MAMJJAm| 0.38 MXD 1.50 0.29
Augx 0.54 MXD, bRW 1.97 -0.03 Augx 0.52 MXD, bMXD 1.90 -0.13
JJAX 0.60 MXD, RW, bRW 1.55 0.05 JJAx 0.59 MXD, RW, bRW 1.53 -0.10
MJJAx 0.54 MXD, RW, bRW 1.64 0.15 MJJAx 0.55 MXD, RW, bRW 1.67 -0.04
AMJJAx 0.48 MXD, RW 1.86 0.14 AMJJAx 0.50 MXD, RW 1.87 -0.07
MAM]JJAx 0.42 MXD 1.70 0.18 MAM]JJAx 0.44 MXD 1.75 0.00
STD recon: RW and BI SF recon: RW and BI
N Variables Dw Linr e Variables Dw Linr

Augm 0.47 Bl, bRW 2.07 0.20 Augm 0.48 Bl, bRW 2.10 0.16
JJAm 0.49 Bl, bBRW, RW 1.42 0.36 JJAm 0.50 Bl, bBRW, RW 1.46 0.33
MJJAm 0.40 Bl, bRW 1.44 0.35 MJJAm 0.42 BI 1.69 0.28
AMJJAm 0.37 B 1.48 0.35 AMJJAm 0.41 Bl 1.56 0.27
MAMJJAm 0.34 Bl, bRW 1.30 0.36 MAMJJAm| 0.35 Bl 1.45 0.31
Augx 0.51 Bl, bBI 1.88 -0.02 Augx 0.50 BI, bBI 1.87 -0.09
JJAX 0.58 Bl, RW, bRW 1.49 0.00 JJAX 0.57 Bl, RW, bRW 1.49 -0.07
MJJAx 0.52 Bl, RW, bRW 1.63 0.08 MJJAx 0.53 Bl, RW, bRW 1.64 0.00
AMJJAx 0.46 Bl, RW 1.80 0.05 AMJJAx 0.47 Bl, RW 1.80 -0.04
MAM]JJAx 0.41 B 1.68 0.11 MAM]JJAx 0.42 B 1.69 0.02

RW: ring-width; MXD: maximum latewood density; DW: Durbin—Watson statistic for residual autocorrelation; Bl: Blue Intensity; Lin R: correlation
between residuals and time.
The variables column denotes which chronology versions entered the multiple regression model; b denotes a chronology lagged at T + I; grey values
denote significant autocorrelation and/or significant residual linear trend or both.

periods. As expected, RW-BIstd expresses the smallest tem-
perature difference of only 0.27°C, while RW-MXDsf shows a
much larger change of 1.30°C. Utilising the CRUTS3.1 data, it
is not possible to ascertain which of these two variants is most
robust, although the coherency analysis (Figure 5b) suggests

that the RW-MXDsf reconstruction may capture longer time-
scale information more robustly. The spectral density func-
tions of the six reconstructions (Figure 6b) clearly show that
the greatest difference between the series is at time-
scales>50years. RW-MXDsf shows the greatest spectral
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Figure 5. (a) Full and split period calibration/verification results for the four chronology/parameter variants for British Columbia. Full period
regression equations are shown in grey. (b) Coherency spectra between the reconstructions and MJJA Tmax temperatures.

RW: ring-width; MXD: maximum latewood density; Bl: Blue Intensity.

power at centennial and longer time-scales, while RW-Blstd
shows the least.

The only way to ascertain potentially which of the reconstruc-
tions better portrays longer time-scale information is to compare
the series to independent temperature data prior to the 1901-1995
calibration period. This early period is important as it encom-
passes the late phase of the LIA where the different reconstruction
variants start diverging (Figure 6a). The BEST (Rohde et al.,
2013) data-set allowed this extended analysis. Each reconstruc-
tion from BC was scaled (Esper et al., 2005) over the 1901-1995
period to Tmax MIJJA using a 1° larger gridded region of the
BEST data than that used for the CRUTS3.1 data. The correlation
between the CRUTS3.1 and BEST data-sets is 0.98 which indi-
cates that using this larger BEST grid identifies an appropriate
pre-calibration data-set for comparison. The correlations and
RMSE were calculated over the 1870-1900 period with the basic

hypothesis that those reconstruction variants that best track the
early instrumental data should correlate most strongly with the
temperature data and will also express lower RMSE values.
Strongest correlations were found for RW-MXDstd and RW-
MXDsf, while the lowest RMSE was found with RW-MXDstd
(Table 5). However, the correlation and RMSE values for the BI
variants are very similar.

These results highlight a frustrating reality for palaeoclimatol-
ogy. For robust attribution of the drivers of climate change, we
need to ensure that palacoclimate reconstructions are applicable
at all time-scales. This is, however, difficult to quantify with the
relatively short instrumental record found in most regions of the
world. In this case study, it is not possible to state specifically
which reconstruction variant is the more robust. All of the vari-
ants pass traditional calibration and verification metrics (Figure
5) with an 2 range from 0.52 to 0.55 for the 1901-1995 period.
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When compared to earlier instrumental data, although the RW-
MXDstd version expresses the ‘best fit’, the range in RMSE is
0.65-0.74, which equates to a 0.18°C 2-sigma error difference
only. Therefore, we must view these five BC reconstruction vari-
ants as an ensemble of estimates of past MJJA maximum
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Figure 6. (a) Time-series plots (also smoothed with a 20-year
smoothing spline (Cook and Peters, 1981)) of the four new
reconstruction variants, plus the original Wilson and Luckman
(2003) IBC reconstruction and neighbouring Canadian Rockies
Icefields (ICE) reconstruction.All series are expressed as
temperature anomalies (w.r.t. 1961—-1990) and the explained
variance for the full calibration is shown. (b) Spectral density
analysis plot for each of the six reconstructions.

RW: ring-width; MXD: maximum latewood density; Bl: Blue Intensity;
IBC: Interior British Columbia; ICE: icefields.

temperatures which provide a likely realistic range for the past
four centuries.

Using the RMSE values (Table 5), we developed a weighted
mean of the five BC MJJA Tmax reconstructions so that the RW-
MXDstd series, with the lowest RMSE, was weighted most
strongly and the RW-MXDsf, with the highest RMSE, weighted
least. This regional weighted series is hereafter referred to as the
BC COMBO. Figure 7a presents coherency spectra of each of the
individual five BC reconstructions and the BC COMBO series
against the BEST MJJA Tmax data over the full 1870-1995
period. The IBC (Wilson and Luckman, 2003) series clearly
shows weakest overall coherence, while the RW-MXDsf and BC
COMBO series show greatest coherence — even at lower frequen-
cies. We should note, however, that the RW-BIsf series also
expresses good overall coherence, and if we only had RW and BI
data, these results suggest a valid reconstruction could be derived
without the use of MXD. The BC COMBO reconstruction with
associated 2-sigma error bars is shown in Figure 7b (non-
smoothed) and ¢ (smoothed). The error bars are calculated using
the RMSE estimates derived from the 1870-1900 period (Table 5)
for both the non-smoothed and smoothed series and reflect the
full combined 2-sigma error range expressed by all five recon-
struction variants. The ICE reconstruction (Luckman and Wilson,
2005), where the MXD data had been processed using RCS, is
also shown in Figure 7c. Despite a cooler deviation of the ICE
series from ¢. 1670 to 1770, which likely reflects local extreme
cooling influences on tree-growth because of the proximity of the
Athabasca Glacier during that time, both reconstructions agree
very well. Therefore, by combining the information from the five
BC reconstruction variants, we believe that the BC COMBO
series is a significant improvement on the original IBC recon-
struction (Wilson and Luckman, 2003) with regards to under-
standing past summer temperature change in IBC for the last four
centuries.

Summary and conclusion

The aim of this study was to test the validity of the relatively new
tree-ring parameter, Bl, as a surrogate for MXD to reconstruct
past summer temperatures. To do this, we processed samples from
which MXD had previously been measured (Wilson and Luck-
man, 2003) so that a direct comparison of the two parameters
could be made. Signal strength statistics (Table 1) indicate that the
between-series common signal for Bl is weaker than MXD. While
only 8 series are needed to derive a robust mean chronology using
MXD, 14 series are needed for BI. However, this does not pose a
significant problem because of the relative cheapness and quicker
processing time for the development of BI data as more tree-ring
samples can be measured. CRFA (Figure 4) indicates that the
response of MXD and BI to monthly variables of summer tem-
perature is very similar. However, marked differences in regres-
sion based reconstructed amplitudes were noted (Table 4) when
using STD or SF approaches to detrending, although from cali-
bration alone, little difference was noted between the different
reconstruction variants (Figure 5 — 2 range=52-55%). Even

Table 4. Temperature anomaly estimates for the coldest (1777—1826) and warmest (1922—1971) 50-year periods for the six MJJA Tmax
reconstructions. These periods were identified by first averaging the six anomaly series together and then identifying the coldest/warmest 50-

year period from this mean series.

RW-MXDstd RW-Blstd RW-MXDsf RW-BlIsf IBC ICE
1777-1826 -0.47 -0.22 -1.26 -0.58 -0.57 -0.90
1922-1971 0.13 0.06 0.03 0.01 0.12 -0.01
Amplitude 0.60 0.27 1.30 0.59 0.70 0.89

RW: ring-width; MXD: maximum latewood density; Bl: Blue Intensity; IBC: Interior British Columbia; ICE: Icefields.
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Table 5. Correlation (r) and RMSE (°C) calculated between the five BC reconstructions and the BEST MJJA Tmax data over the 1870—1900
period.

RW-MXDstd RW-BlIstd RW-MXDsf RW-BlIsf IBC
r 0.77 0.73 0.77 0.74 0.75
RMSE 0.65 0.69 0.74 0.69 0.71

BEST: Berkeley Earth Surface Temperature; RW: ring-width; MXD: maximum latewood density; Bl: Blue Intensity; IBC: Interior British Columbia; RMSE:
root mean square error.
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Figure 7. (a) Coherency spectral analysis between the five BC reconstruction variants and the BEST MJJA Tmax temperature series over
the 1870-1995 period. (b) VWeighted BC COMBO reconstruction and BEST MJJA Tmax data. (c) 20-year spline smoothed BC COMBO
reconstruction compared to Icefields reconstruction and BEST data. For (b +c), the weighted BC COMBO time-series has not been re-scaled
to the instrumental data allowing the RMSE from each chronology reconstruction variant to be used to derive a full-range 2-sigma error. Note
that these error ranges do not incorporate the extra uncertainty indicated by the weaker expressed signal strength prior to 1650 (Figure 3).
RW: ring-width; MXD: maximum latewood density; Bl: Blue Intensity; IBC: Interior British Columbia; ICE: Icefields; BC: British Columbia; BEST: Berkeley

Earth Surface Temperature; RMSE: root mean square error.

comparison to earlier instrumental data (Table 5) provided only
minimal help in ascertaining which of the reconstructions best
represented past MJJA maximum temperatures. We therefore
concluded that all variants expressed a possible probabilistic sce-
nario of past summer temperature for the region and utilised the
RMSE error over the 1870-1900 period to weight the different
series together to derive the weighted BC COMBO series (with an
associated full 2-sigma error range derived from the different
reconstruction variants). The BC COMBO series agrees well with
the independent ICE reconstruction from the neighbouring Rocky
Mountains to the east (Luckman and Wilson, 2005) — both series
indicating a ~1°C warming of summer maximum temperatures
from the ‘LIA’ to 20th century. Whether using RW, MXD or BI,
the optimal response to maximum summer temperatures, as origi-
nally proposed by Wilson and Luckman (2003), still holds even

when SF detrending (Melvin and Briffa, 2008) is utilised. Further
testing of this Tmax optimal response hypothesis is, however,
needed through other regional studies.

Taking into account, uncertainties related to different detrend-
ing methodologies and the shortness of the instrumental data, it is
not possible from this study to quantify which parameter is best for
reconstructing past summer temperatures in this region. Rather,
our results indicate that MXD and BI, as they are both measures of
lignin content in the latewood, can be used as proxies of past sum-
mer temperatures. At this time, we still recommend, if funds allow,
that MXD is the parameter of choice as there are still many poten-
tial uncertainties with the use of BI data. Despite Bjorklund et al.
(2014) and Rydval et al. (2014) proposing solutions to overcome
biases related to the heartwood/sapwood colour transition and dis-
colouration of sub-fossil samples in Scots pine, these issues still
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need to be explored in other regions and for other conifer species.
Also, the relatively tight range in between-sample (and site) vari-
ance seen for BI compared to MXD (Table 1) could suggest poten-
tial for a systematic limitation for this parameter to capture
centennial and longer scale variability. However, SF detrending
(Melvin and Brifta, 2008) did significantly improve the BI param-
eter’s ability to capture secular scale variation compared to tradi-
tional detrending methods (Figure 6a). However, we would also
caution that SF detrending is still an experimental method which
also requires further experimentation.

The cheapness of measuring BI using the CooRecorder suite
(Larsson, 2013) will allow many more tree-ring laboratories to
experiment with this parameter. It is too early to say whether BI
could replace MXD. Much more experimentation is needed, not
only on different conifer species but also using long well repli-
cated data-sets of living and sub-fossil material. Some results in
this paper suggest that BI measurements may struggle to capture
centennial variability, but this can only be tested if BI is measured
from samples where MXD (or RW) portray distinct low frequency
variability. Therefore, further work will aim to measure BI on the
ICE samples where lower frequency information can be gleaned
from the MXD data (Luckman and Wilson, 2005). However,
western Canada is not an ideal location to truly test BI because of
the relative shortness of the instrumental record. Therefore, we
propose that a true robust assessment can only be made by focus-
sing on the millennial length living/historical/sub-fossil compos-
ite chronologies from Europe where long instrumental series exist
(Biintgen et al., 2006; Esper et al., 2012; Grudd, 2008; Gunnarson
et al., 2011; Wilson et al., 2011).
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